ABSTRACT The aromatic indene molecule (C 9 H 8 ) together with its acyclic isomers (phenylallene, 1-phenyl-1-propyne, and 3-phenyl-1-propyne) were formed via a 'directed synthesis' in situ utilizing a high temperature chemical reactor under combustion-like conditions (300 Torr, 1,200-1,500 K) through the reactions of the phenyl radical (C 6 H 5 ) with propyne (CH 3 CCH) and allene (H 2 CCCH 2 ). The isomer distributions were probed utilizing tunable vacuum ultraviolet (VUV) radiation from the Advanced Light Source by recording the photoionization efficiency (PIE) curves at mass-to-charge of m/z = 116 (C 9 H 8 + ) of the products in a supersonic expansion for both the phenyl-allene and phenyl-propyne systems; branching ratios were derived by fitting the recorded PIE curves with a linear combination of the PIE curves of the individual C 9 H 8 isomers. Our data suggest that under our experimental conditions, the formation of the aromatic indene molecule via the reaction of the phenyl radical with allene is facile and enhanced compared to the phenyl -propyne system by a factor of about seven. Reaction mechanisms and branching ratios are explained in terms of new electronic structure calculations.
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The energetics and dynamics of the reactions of aromatic radicals (ARs) such as the phenyl radical (C 6 H 5 ) with unsaturated hydrocarbons are of paramount importance in untangling the formation of polycyclic aromatic hydrocarbons (PAHs) from the 'bottom up' in combustion flames 1, 2 and in carbon-rich circumstellar envelopes. 3 Due to their inherent thermodynamical stability, ARs can reach high concentrations in flames; this makes them important reactants to be involved in the formation of PAHs and carbonaceous nanostructures. Reaction mechanisms are suggested to involve ARs like phenyl 4 with unsaturated C3 and C4 hydrocarbons possibly forming bicyclic aromatic hydrocarbon molecules with indene (C 9 H 8 ) and naphthalene (C 10 H 8 )
cores. However, no experiment has been conducted so far in which a PAH (like) species is formed as a result of a directed and controlled synthesis in the gas phase under combustion-like conditions. Computational predictions do exist. For instance, Fascella et al. 5 investigated the reaction of the phenyl radical with 1,3-butadiene (C 4 H 6 ) theoretically suggesting that over the complete temperature range of 500-2,500 K, 1,4-dihydronaphthalene (C 10 H 10 ) was the predominant product. Considering the indene molecule (C 9 H 8 ), Vereecken et al. [6] [7] [8] estimated theoretically the product distributions of the reactions of phenyl with propyne (CH 3 CCH) and allene (H 2 CCCH 2 ). The authors proposed that indene should be the dominant product at low pressures and temperatures up to 500 K (Figure 1 ). At higher temperatures of up to 2,000 K, the branching ratios strongly depend on the pressure (1 -100 atm) and effective temperature leading to C 9 H 8 isomers indene, 1-phenyl-1-propyne, 3-phenyl-1-propyne, and phenylallene; additional exit channels of phenylacetylene (C 6 H 5 CCH) plus the methyl radical (CH 3 ) and benzene (C 6 H 6 ) plus the propargyl radical (H 2 CCCH) were also proposed. At temperatures of 3,000 to 4,000 K, indene was found to be only a small fraction of all products formed. The latter finding is consistent with recent crossed molecular beam experiments conducted at collision energies of about 150 kJmol -1 suggesting that 1-phenyl-1-propyne and phenylallene are the dominating C 9 H 8 isomers formed in the reactions of phenyl radicals with propyne and allene, respectively, under single collision conditions. In this Letter, we present the first experimental evidence that the aromatic indene molecule together with its acyclic isomers can be formed via a 'directed synthesis' through the reaction of the phenyl radical with propyne and allene under combustion-relevant conditions (300 Torr, 1,200-1,500 K). Utilizing a high temperature 'chemical reactor', we synthesize the isomers in situ via reaction of pyrolytically 10 generated phenyl radicals (C 6 H 5 ) with two C 3 H 4 isomersallene (H 2 CCCH 2 ) and propyne (CH 3 CCH) -followed by isomerization and/or fragmentation of the initial C 9 H 9 collision complexes. Note that for distinct structural isomers, the adiabatic ionization energy (IE) and the corresponding photoionization efficiency (PIE) curves, which report the ion signal of m/z = 116 (C 9 H 8 + ) of a distinct isomer versus the photon energy, can differ dramatically. 11, 12 By photoionizing the neutral C 9 H 8 products in the supersonic molecular (Table 1) . These branching ratios are distinctively different from those derived for the phenyl -propyne system. Here, indene and phenylallene are relatively minor products with the 1-phenyl-1-propyne isomer being the dominant product formed. In an attempt to rationalize the formation of the indene molecule together with the distinct branching ratios of the isomers formed in both systems, we took a closer look at the underlying potential energy surfaces (PESs). Figure 4 compiles the relevant sections of the potential energy surfaces for the reactions of the phenyl radical with propyne and allene leading to four C 9 H 8 isomers. All optimized structures were taken from density functional calculations in the previous works, 6-8 but their relative energies were refined here using a chemically accurate G3-type computational scheme. 6 -8 In case of the phenyl -allene system, the calculations predict an addition of the phenyl radical with its radical center to the C1 or C2 (central) carbon atom of the allene molecule leading to
intermediates Rad 11 and Rad 6, respectively. Rad 11 could eliminate a hydrogen atom from the C1 or C3 carbon atom of the allene moiety forming either phenylallene or 3-phenyl-1-propyne.
Note that similar to the phenyl -propyne system, if the energy randomization of the majority of (Table 1) .
To summarize, our experiments utilizing a high temperature chemical reactor established for the first time that the aromatic indene molecule can be synthesized under combustion-like conditions via a directed synthesis through the reactions of the phenyl radical with allene and propyne, with the allene system giving seven times higher yields. Therefore, these pathways may also account for the synthesis of indene in 'real' hydrocarbon flames. [14] [15] [16] [17] [18] [19] Besides the PAH indene, we also detected three acyclic isomers -phenylallene and 3-phenyl-1-propyne (allene system) and phenylallene and 1-phenyl-1-propyne (propyne system) and proposed their formation routes. We believe that this thermal chemical reactor will be a convenient source for 'directed' synthesis of more complex PAHs via reactions with C3 and C4 hydrocarbons under controlled conditions in future experiments.
EXPERIMENTAL & THEORETICAL METHODS
The centerpiece of the experiments is a resistively heated high temperature 'chemical reactor' Based on known PIE curves of expected PAHs of a well-defined molecular mass and their acyclic isomers (m/z = 116; C 9 H 8 ), the recorded PIE curves were then fit via a linear combination with known PIE curves of various C 9 H 8 isomers to extract the nature of the products formed and their branching ratios.
In our theoretical calculations of the potential energy surfaces, we utilized geometries of various species from the previous works 9-11 optimized at the B3LYP/6-311+G** level of theory. To obtain more accurate energies, we applied the G3(MP2,CC)//B3LYP modification 22, 23 
